Introduction
============

The puma (*Puma concolor* Linnaeus, 1771) is a large felid that ranges throughout the Americas, exhibiting the broadest latitudinal distribution of any terrestrial mammal ([@b29-gmb-36-586]). Pumas have remarkable dispersal capabilities ([@b24-gmb-36-586]; [@b5-gmb-36-586]) and successfully occupy a diverse array of habitats, illustrating their potential to adapt to the breadth of environmental conditions occurring across the continent, from tropical forests and marshes to dry scrubland and cold Andean or Patagonian biomes ([@b34-gmb-36-586]; [@b29-gmb-36-586]). Pumas are solitary and territorial, with large home ranges. Females tend to occupy smaller areas and disperse shorter distances, thus being more philopatric than males ([@b23-gmb-36-586]; [@b24-gmb-36-586]). Overall, the species' ecological flexibility and dispersal capabilities have the potential to induce broad genetic connectivity across large geographic areas, unless historical barriers have limited gene flow among populations.

Fossil evidence indicates that pumas were already present in North America 0.4 million years ago (MYA) ([@b21-gmb-36-586]). In parallel, molecular data ([@b20-gmb-36-586]) have led to an estimate of its divergence from the sister-species *P. yagouaroundi* of 4.17 MYA (C.I.: 3.16--6.01MYA), suggesting a much longer history as a distinct evolutionary lineage. The speciation event that separated these lineages may have occurred in North or South America, with the molecular dating estimate supporting the former, as it tends to predate the Great American Biotic Interchange (GABI) (ca. 2.5--3.5 MYA) and the implied colonization of South America by any felid ([@b49-gmb-36-586]; [@b11-gmb-36-586]). However, since the credibility interval of this estimate slightly overlaps the timing of the GABI, this issue is still not fully settled. Interestingly, [@b4-gmb-36-586] provided molecular evidence indicating that the extinct North American felid *Miracinonyx trumani* is the puma's closest relative, with a divergence time estimated at 3.19 MYA. This finding would support the hypothesis of a North American origin for the puma, with subsequent colonization of South America by this species, in parallel with that of the jaguarundi.

In a thorough study of puma phylogeography, [@b7-gmb-36-586] assessed the current and historical genetic diversity present in this species, based on a large sampling of individuals from across its range. That study indicated that most of the 32 classical puma subspecies did not correspond to definable genetic units and reduced the number of recognized subspecies to six. Four of these subspecies were distributed in South America, indicating that most of the species' historical subdivision occurred in that subcontinent. In addition, the genetic diversity within South America was found to be larger than in Central and North America, suggesting that pumas from the latter subcontinent actually derive from a recent re-colonization event, following extinction in North America in the Late Pleistocene (ca. 10,000--12,000 years ago).

Mitochondrial DNA (mtDNA) markers have been extensively used in evolutionary studies of felids (*e.g.* [@b12-gmb-36-586], [@b13-gmb-36-586]; [@b47-gmb-36-586]). Although limited because they reveal only matrilineal history and contain a single realization of the stochastic processes of coalescence and lineage sorting ([@b2-gmb-36-586]), they are still powerful molecular tools to investigate recent phylogeographic patterns and demographic history. Given that felids tend to have male-biased gene flow ([@b33-gmb-36-586]; [@b43-gmb-36-586]; [@b23-gmb-36-586]), mtDNA assessments of phylogeography are expected to provide more refined patterns of geographic structuring due to historical processes than nuclear markers. They may therefore be expected to be relevant benchmarks for maximum historical structuring, serving as baselines against which nuclear data sets may be compared. In addition, due to their four-fold lower effective population sizes (N~e~) relative to autosomal markers, mtDNA segments should be more sensitive to the effect of historical genetic drift. In combination with their relatively high substitution rates, these features render these markers potentially more sensitive to historical processes of population subdivision than equivalent segments of the nuclear genome.

Within the mtDNA, the *NADH dehydrogenase subunit 5* (*ND5*) gene has been successfully used in phylogenetic and phylogeographic studies of felids and other carnivores (*e.g.* [@b7-gmb-36-586]; [@b48-gmb-36-586]). In a previous study focusing on pumas ([@b7-gmb-36-586]), three mtDNA segments were employed (*ND5*, *16S* and *ATP8*). Of these, *ND5* showed the highest polymorphic content in this species, based on a segment spanning 318 bp. A new primer set for this gene was designed specifically for carnivores ([@b47-gmb-36-586]), amplifying a longer fragment (*ca.* 750 bp) and exhibiting successful amplification across several families (*e.g.* Felidae, Mustelidae, Mephitidae, Procyonidae \[unpublished data\]).

In the present study we employ this longer *ND5* segment to investigate the evolutionary history of *P. concolor*, with emphasis on South American populations, which were previously found to harbor high levels of diversity and inferred to have played a key role in the historical demography of this species ([@b7-gmb-36-586]). Given that the geographic sampling of South American pumas was limited in that first study, we aimed here to expand the representation of the various regions of this sub-continent, so as to allow refined inferences of population structure, maternal gene flow and demographic history. In addition to expanding the geographic coverage of South American regions to refine inferences on patterns of matrilineal subdivision, we have performed novel analyses on puma demographic history, which revealed consistent evidence of a recent population expansion in South America, prior to re-colonization of North America.

Materials and Methods
=====================

Sample collection and laboratory procedures
-------------------------------------------

We obtained blood and tissue samples from 77 pumas including wild individuals captured during field-ecology projects, caught by farmers or road-killed, as well as captive animals with known geographic origin ([Table S1](#SD1){ref-type="supplementary-material"}). In addition, we also collected data from 109 additional individuals whose DNA was already available in the participant laboratories, some of which had been used in earlier genetic studies employing different markers ([@b7-gmb-36-586]; [@b6-gmb-36-586]; [@b27-gmb-36-586], [@b28-gmb-36-586]). Therefore, as a whole we collected novel data from a total of 186 individuals. These samples were originated from a diverse array of geographic regions throughout most of the puma range, with greater emphasis on South America (see [Table S1](#SD1){ref-type="supplementary-material"}). Two samples of *Puma yagouaroundi* were also included to be used as outgroups in some analyses.

To select a marker that would provide suitable information levels, we initially examined the mtDNA fragments used in previous studies, especially those involving Neotropical felids (*e.g.* [@b12-gmb-36-586], [@b13-gmb-36-586]; [@b18-gmb-36-586], [@b19-gmb-36-586]; [@b7-gmb-36-586]). We selected the ca. 750 bp-long fragment of the *ND5* gene reported by [@b47-gmb-36-586], thus considerably increasing the information content derived from this marker relative to the previous phylogeographic study of the puma ([@b7-gmb-36-586]). Finally, the availability of *ND5* sequences for the extinct felid *Miracinonyx trumani* ([@b4-gmb-36-586]) was an additional asset of this segment, allowing the inclusion of this fossil taxon in some analyses.

In the case of new biological samples, DNA was extracted using either a standard phenol-chloroform approach ([@b41-gmb-36-586]) or a CTAB-based protocol ([@b8-gmb-36-586]). For all samples, a fragment of the *ND5* gene was amplified by the Polymerase Chain Reaction (PCR) ([@b40-gmb-36-586]) using the primers *ND5*-DF1 and *ND5*-DR1 ([@b47-gmb-36-586]). PCR reactions were performed in a total volume of 20 μL containing 2 μL of empirically diluted DNA, 1X buffer, 1.5 mM MgCl~2~, 0.2 μM of each primer, 0.2 mM dNTPs and 0.5 U Platinum *Taq* DNA polymerase (Invitrogen), with a thermocycling profile as described by [@b45-gmb-36-586]. PCR products were visualized on a 1% agarose gel stained with GelRed (Biotium), purified with the enzymes Exonuclease I and Shrimp Alkaline Phosphatase (Exo-SAP, GE Healthcare), sequenced in both directions using the DYEnamic ET Dye Terminator cycle sequencing kit (GE Healthcare) and read in a MegaBacE 1000 automated DNA sequencer.

Sequence electropherograms were visually inspected and edited using Chromas Lite 2.01 or FinchTV 1.4.0. Sequences were aligned with the CLUSTALW algorithm ([@b17-gmb-36-586]) implemented in *MEGA* 4 ([@b44-gmb-36-586]), followed by manual verification and editing. The resulting novel puma sequences were deposited in GenBank (accession numbers KF460496-KF460523).

Data analysis
-------------

Nucleotide and haplotype (gene) diversity indices were estimated with DnaSP 5.10 ([@b22-gmb-36-586]) for the total sample, as well as for a sample set restricted to South America. In addition, we estimated diversity indices for geographic subsets identified in this study as distinct historical units (see below).

To investigate the evolutionary relationships among puma mtDNA lineages, haplotype networks were built using the median-joining approach ([@b3-gmb-36-586]), as implemented in the software Network 4.5.1.6. We explored two outgroup options for rooting the network, one with the *P. yagouaroundi* sequences generated here, and the other employing *M. trumani* sequences ([@b4-gmb-36-586]).

We also performed an Analysis of Molecular Variance (AMOVA) ([@b15-gmb-36-586]) with Arlequin 3.5.1.2 ([@b14-gmb-36-586]) to assess the differentiation among geographic populations, using samples from 174 individuals. Twelve samples were excluded (see [Table S1](#SD1){ref-type="supplementary-material"}) due to insufficient information on local provenance, *i.e.* cases where the original geographic information was absent (the case of some zoo animals) or too broad, such as a large country. This subset was also used in all other analyses that required precise geographic provenance, such as all AMOVAs, Mantel tests, spatial autocorrelation, regional neutrality tests, mismatch distribution and Bayesian skyline plots (see below for additional details).

AMOVAs were performed using Φ*st* computed from a pairwise matrix based on *p*-distances. Statistical significance of Φ*st* values was tested using 10,000 permutations. To minimize the effect of prior assumptions on puma geographic subdivision we tested a variety of different scenarios attempting to identify the best possible way to represent historical population structure in this species (*i.e.* the one that maximizes the estimated Φ*st*). These AMOVAs were based on two sample sets: (1) South America (SA) only: and (2) the full sample of SA, Central America (CA) and North America (NA).

Within sample set 1, we assessed the following scenarios: 1a) the four SA subspecies suggested by [@b7-gmb-36-586]; 1b) grouping samples according to their biomes of origin (adapted from IBGE (2010) and [@b31-gmb-36-586]) while sequentially joining adjacent populations that exhibited non-significant Φ*st* values; 1c) a sequential approach in which samples were initially grouped by immediate geographic proximity, then merged with other groups when they exhibited non-significant p-values for their pairwise Φ*st*, and subsequently joined to additional contiguous populations with which the Φ*st* estimate was low. For strategies 1b and 1c, the overall Φ*st* value was monitored at every sequential step and the successive grouping strategy was maintained until a peak was observed. In this process, when we observed non-significant p-values between population groups, we still tested the effect of changing individuals from one adjacent unit to the other, so as to fine-tune the estimate that maximized the overall Φ*st* value for this sample set.

In the second round of AMOVAs, based on sample set 2 (full sample), we employed the following strategies: 2a) the six subspecies suggested by [@b7-gmb-36-586]; 2b) incorporating the best grouping for SA identified in strategy 1c and adding the CA and NA samples as additional populations; 2c) testing the overall division into three subcontinents, including an additional adjustment separating Central America into two subgroups (northern and southern); 2d) a two-level hierarchical analysis considering subcontinents (best scenario found in 2c) as broader groups, within which we placed the regional populations identified with strategy 1c.

A third round of AMOVAs was performed to test the hypotheses raised by [@b7-gmb-36-586], who postulated that major South American rivers could act as historical barriers to gene flow in this species. This was performed separately for the Amazon and Paraná rivers, by considering populations on either side of each river as distinct geographic units. Only populations located near the respective river were considered here. Given the available sampling on both sides of each river, we established an arbitrary cutoff of ≤ 610 km on each side of the Paraná, and ≤ 1340 km for the Amazon, so as to include a reasonable number of individuals and localities in both assessments.

Additionally, to investigate spatial patterns of genetic structure in pumas we assessed the correlation between genetic and geographic distances for all pairs of sampled individuals using a Mantel test ([@b25-gmb-36-586]). This was performed with the program Alleles in Space (AIS) ([@b26-gmb-36-586]), employing the proportion of differences (*i.e.* a p-distance equivalent) to generate the genetic distance matrix and 10,000 permutations to assess statistical significance. We also employed AIS to perform a spatial autocorrelation analysis of the data set, using 11 distance classes, equalized sample sizes across classes, and 10,000 permutations to assess significance.

Finally, we conducted a set of analyses to investigate the demographic history of pumas. We performed neutrality tests (Tajima's D, Fu & Li' D\* and F\*, Fu's Fs) with DnaSP, as well as a mismatch distribution analysis ([@b35-gmb-36-586]; [@b42-gmb-36-586]) with Arlequin. In addition, we used the program Beast 1.6.1 ([@b9-gmb-36-586]) to perform estimates of coalescence times and past demography. We defined the best model of nucleotide substitution for our data set, which was the HKY ([@b16-gmb-36-586]) + G model, using the [@b1-gmb-36-586]) implemented in jModelTest 0.1 ([@b32-gmb-36-586]). Our first set of Beast runs was aimed at estimating the molecular clock rate for our segment in puma lineages. We assumed a Yule Process for the tree prior and incorporated an uncorrelated lognormal relaxed molecular clock. In order to better fit the expectations of the Yule process we only included five divergent puma haplotypes, along with the two jaguarundi sequences generated here. To calibrate the molecular clock we assumed that pumas and jaguarundis diverged between 3.16 and 6.01 MYA (95% HPD of the estimate reported by [@b20-gmb-36-586] using a nuclear supermatrix). We applied a uniform prior using these ages as conservative minimum and maximum boundaries, respectively. The final run was based on 10^8^ MCMC generations, with samples taken every 10^4^ steps, and the first 10^4^ steps removed as burn-in.

The second set of Beast analyses aimed to infer the time of the most recent common ancestor (*t~MRCA~*) of different groups of samples, as well as to reconstruct the demographic history of pumas by estimating past fluctuations in population size via the Bayesian Skyline Plot (BSP) approach ([@b10-gmb-36-586]). We assumed a Bayesian skyline tree prior and a strict molecular clock, whose evolutionary rate was based on the estimate derived from the first round of analyses. We assessed the *t~MRCA~* for four different sample sets: (i) complete sample; (ii) South America only; (iii) North and Central Americas (NA+NCA); and (iv) a subset of 24 NA+NCA samples that formed a regionally endemic subclade in the haplotype network, suggestive of autochthonous diversification (see Results). The BSP analyses were performed only for sets (i) and (ii), as their larger sample size allowed for more robust demographic inferences. The MCMC parameters were the same as in the first set of Beast analyses.

Results
=======

After removal of incorporated primer sequences and low-quality fragment edges, double-stranded sequences for a 669-bp segment of the mtDNA *ND5* gene were obtained for 156 puma individuals sampled in South America, 17 from Central America, and 13 from North America ([Table S1](#SD1){ref-type="supplementary-material"}, [Figure 1](#f1-gmb-36-586){ref-type="fig"}). Additional sequences of the same fragment were obtained for two *P. yagouaroundi* individuals.

The puma data set contained 33 variable sites (32 transitions and one transversion), 25 of which were phylogenetically informative ([Table 1](#t1-gmb-36-586){ref-type="table"}). Overall, there were 28 haplotypes, 22 of which occurred in South America (H01--H22), one of them (H09) being shared with Central America ([Figure 2A](#f2-gmb-36-586){ref-type="fig"}). Moderate to high levels of haplotype diversity were observed, while nucleotide diversity was rather low ([Table 2](#t2-gmb-36-586){ref-type="table"}).

Evolutionary relationships among haplotypes were inferred using the median-joining network approach ([Figure 2A](#f2-gmb-36-586){ref-type="fig"}), which showed a clear separation between lineages from South America (H01--H08, H10-H22) and those from North America and most of the haplotypes from Central America (H23--H28). The main exception was a haplotype (H09) found in southern Central America (Costa Rica), which is also common in central South America and is equidistant (five mutational steps) from the two closest haplotypes found in Central and North America (H23 and H24).

Among the 22 South American haplotypes, two (H16 and H20) were found north of the Amazon River (Brazil and Venezuela), with H16 also being sampled in one individual from southern Brazil. We observed very high levels of genetic diversity in central South America (including Bolivia, Paraguay, Uruguay, northern Argentina and the central-western, southeastern and southern regions of Brazil), where 15 distinct haplotypes were sampled (H01--H12, H14, H15 and H21). Among these, some haplotypes exhibited a localized distribution, such as H05, H08 and H12, which were found only in the Pantanal biome. A peculiar case was that of haplotype H03, sampled east and southeast of the São Francisco River (see [Figure 1](#f1-gmb-36-586){ref-type="fig"}), and also in one individual from the Brazilian central-western region. This haplotype is five mutational steps away from its closest relatives, a distance which is equal to or larger than that observed between South American lineages and most of those sampled in North and Central America (4 mutational steps: H23 and H24; 5 mutational steps: H25, H26, H27 and H28). Individuals sampled along the Andes harbored two different haplotypes (H18 and H19), with H18 being more broadly distributed across the central and southern Cordillera, all the way to its extreme south in Patagonia.

In contrast, a single main haplotype (H23) was sampled in all surveyed countries from North and Central Americas (see [Figure 2A](#f2-gmb-36-586){ref-type="fig"}). Four other haplotypes were connected to this common sequence by a single mutational step each, leading to a star-like appearance of this portion of the network. Among these haplotypes related to H23, H25 was found in the Florida peninsula (USA), H27 in Nicaragua, H28 in Guatemala, and H26 was sampled in both of the latter countries. Another haplotype (H24) found in Central and North America (Panama, Costa Rica and Florida peninsula \[USA\]) was quite distinct, differing by 8 mutational steps from H23, and by 4 steps from its closest relative, the common South American haplotype H02.

When the *P. yagouaroundi* sequences were used as outgroups in the network ([Figure 2A](#f2-gmb-36-586){ref-type="fig"}) they were connected by 85 mutational steps to puma haplotype H01, supporting this position for the puma mtDNA root. Haplotype H01 is found in central South America (Paraguay, as well as the Brazilian states MS, SP and MG), differing by at least six mutational steps from the main North and Central American haplotypes. When the *M. trumani* sequence was included in the network ([Figure 2B](#f2-gmb-36-586){ref-type="fig"}), the sequence alignment length was reduced to 286 bp to match the segment available for this outgroup. Due to this reduction in the number of sites, the network became less resolved, but the results still suggested that the outgroup was connected more closely to South American and southern Central American pumas than to northern Central and North American haplotypes.

To investigate the population genetic structure in more quantitative detail we performed several rounds of AMOVA, employing different geographic clustering strategies. In the first stage, when only South American pumas were analyzed, Φ*st* values were quite high and statistically significant, with strategy 1c yielding the highest overall Φ*st* ([Table 3](#t3-gmb-36-586){ref-type="table"}). In the second round of AMOVA, using the full sample set, we found even higher Φ*st* values. The highest overall value was obtained with strategy 2d, employing a two-level AMOVA ([Table 3](#t3-gmb-36-586){ref-type="table"}). Central America was best represented as two distinct groups, northern and southern, with the former being merged with North America. In the best two-level scenario (see [Table 3](#t3-gmb-36-586){ref-type="table"}), we also noted that the Φ*sc* and Φ*ct* were 0.41904 (p = 0.000±0.000) and 0.43693 (p = 0.01871+−0.00135), respectively. Pairwise estimates of Φ*st* were carried out at the various spatial scales tested in these scenarios, and helped assess the distinctiveness of large-scale as well as regional population units ([Tables S4](#SD4){ref-type="supplementary-material"} and [S5](#SD5){ref-type="supplementary-material"}).

Finally, we performed a third round of AMOVA to test two large rivers as possible barriers to historical gene flow in this species. We observed high Φ*st* values when the Amazon River was assessed (see [Table 3](#t3-gmb-36-586){ref-type="table"}). The Φ*st* value found for the Parana River was rather low (0.09), although still statistically significant.

Mantel Tests ([Figure S1](#SD6){ref-type="supplementary-material"}) revealed a significant correlation between genetic and geographic distances for the total geographic sample (r = 0.48; p \< 0.001), indicating that isolation by distance plays a relevant role in the genetic structuring of this species. As for the analysis of South American samples alone, the resulting value was 0.085 (p = 0.09347), which suggests that within this subcontinent there is no significant influence of isolation by distance.

The spatial autocorrelation analysis (performed only for the full data set) yielded results that were consistent with those of the Mantel test. There was a trend for an increase in the statistic Ay (representing the average pairwise genetic distance within geographic distance class 'y') as the geographic distance increased, and the overall relationship was statistically significant (p = 0.0048), supporting the inference that isolation by distance affected the patterns observed in our global data set.

Another front of analyses pertained to demographic history assessments. When we conducted a Mismatch Distribution analysis, the results indicated a unimodal pattern for both data sets (full sample and South American samples only) ([Figure 3](#f3-gmb-36-586){ref-type="fig"}) compatible with a scenario of recent demographic expansion. In addition, the neutrality tests yielded negative values for all indices, with those of Fu's Fs being significantly negative with respect to neutral expectations for both data sets ([Table 4](#t4-gmb-36-586){ref-type="table"}).

The Bayesian analyses performed with Beast further helped shed light onto the historical demography pumas as revealed by the mtDNA. In the first round of analyses, using five individuals with the most divergent haplotypes and two jaguarundis, we estimated the substitution rate of the analyzed *ND5* segment to be 2.054% per million years (MY). Applying this substitution rate in the second set of analyses, we inferred the mean *t~MRCA~* of pumas to be 0.237 MYA (95% HPD: 0.105--0.391 MYA). For South American pumas, the mean *t~MRCA~* was estimated to be 0.211 (0.091--0.353) MYA. When North American (NA) and Central American (CA) samples were analyzed separately, their mean estimated *t~MRCA~* was 0.231 (0.102--0.387) MYA. Finally, we estimated the *t~MRCA~* for a subset of 24 NA+CA samples that formed an endemic monophyletic cluster (see [Figure 2A](#f2-gmb-36-586){ref-type="fig"}), yielding a value of 0.037 (0.006--0.077) MYA.

The Bayesian skyline plot analysis revealed evidence of a very recent (ca. 8,000 years ago) demographic expansion in pumas ([Figure 4](#f4-gmb-36-586){ref-type="fig"}). The signal for this expansion was apparent with both data sets (full sample and South American pumas only), with only minor differences in the estimated parameters.

Discussion
==========

mtDNA diversity and genealogical history
----------------------------------------

The mtDNA data set analyzed in this study allowed a deeper understanding of the matrilineal history of pumas, refining, extending and in some cases adjusting the inferences previously put forth by [@b7-gmb-36-586]. Our initial observation was that *ND5* is indeed a very informative coding mtDNA segment for phylogeographic studies of felids, and that the longer segment employed here (relative to the one reported by [@b7-gmb-36-586]) does provide useful additional information regarding this species' diversity and evolutionary history. For example, the *ND5* data set used here contained 33 variable sites and allowed the identification of 28 different puma haplotypes, while the full data set employed by [@b7-gmb-36-586], including *ND5*, *ATP8* and 16S segments, contained 15 variable sites and defined 14 different haplotypes.

Pumas exhibited moderately high levels of diversity, which could be directly compared to only two other felid species that have so far been sequenced for the same mtDNA segment and whose sequences for available for assessment ([@b47-gmb-36-586]). Both of these Neotropical cats, *Leopardus tigrinus* and *L. geoffroyi*, were sequenced for a slightly shorter fragment, so we adjusted our alignment to include only the matching 567 bp and thus allow an exact comparison ([Table S3](#SD3){ref-type="supplementary-material"}). This assessment revealed that pumas possess higher gene diversity than either of these other species, as well as slightly higher nucleotide diversity. Indeed, the observed levels of haplotype (gene) diversity in pumas were quite high, while nucleotide diversity was more modest, suggestive of rather recent mtDNA coalescence in this species.

When subcontinental or regional groups of pumas were compared, we observed that haplotype and nucleotide diversity indices were consistently higher for South and Central America, relative to those estimated for North America ([Table 2](#t2-gmb-36-586){ref-type="table"}). Gene diversity was highest for South America, while nucleotide diversity reached a maximum in Central America. North American pumas presented low values for both indices, which were at least two-fold lower than those of the other sub-continental groups. When the South American regional groups defined by the AMOVA (see [Figure 1](#f1-gmb-36-586){ref-type="fig"} and [Table 3](#t3-gmb-36-586){ref-type="table"} for their definition) were assessed, we observed that the CNESA and CSSA groups exhibited the highest haplotype diversity, with the SWSA and NSA groups also presenting high values ([Table 2](#t2-gmb-36-586){ref-type="table"}).

The high gene diversity estimated for pumas could be examined in more detail with the use of haplotype networks ([Figure 2A](#f2-gmb-36-586){ref-type="fig"}), which depicted intricate relationships among sequences, especially in South America. Such a pattern is indicative of a complex evolutionary history, with some suggestion of geographic structuring but no clear-cut separation of well-defined clades. Some portions of the network are suggestive of a recent population expansion involving South American lineages, with central haplotypes giving rise to multiple derived sequences differing by a single mutational step each. Central America was also observed to bear a complex mixture of haplotypic lineages, with more than one connection to basal South American sequences and evidence of internal structure (see [Figure 2A](#f2-gmb-36-586){ref-type="fig"} and [Table 3](#t3-gmb-36-586){ref-type="table"}). In contrast, the lineages sampled in North America exhibited a much simpler pattern, dominated by a common haplotype (H23) shared with Central America, from which four other lineages have recently evolved. This shape is indicative of a recent population expansion involving these haplotypes, whose sampling locales indicate a present distribution across North America and also in Central America, especially in the northern portion of the latter ([Figures 1](#f1-gmb-36-586){ref-type="fig"} and [2](#f2-gmb-36-586){ref-type="fig"}).

In North America, an unusual pattern was observed in an individual from Florida (USA) that carried haplotype H24, which is shared with animals from southern Central America (Panama and Costa Rica) and is genetically distant from the other lineages found throughout North America. Given the record of human-induced introgression of puma mtDNA lineages from Central America to Florida in the 1960s ([@b30-gmb-36-586]), it is possible that this individual descends from a female translocated during that period, implying that such haplotype sharing may be a human-induced artifact. If this were indeed the case, our results would in fact be an underestimate of the differentiation between SCA and NA+NCA, since haplotype H24 may only naturally occur in the former.

Central America and northern South America (NSA) did not share haplotypes, implying no evidence of historical matrilineal gene flow between these regions. Possible barriers include the northernmost Andean Cordillera or the Darien Straits in Panama, as suggested for jaguars by [@b13-gmb-36-586] (but see [@b39-gmb-36-586] for a different view). Detailed sampling in that region would be required to distinguish between these two hypotheses. Although no haplotype was shared between Central America and northern South America, we did observe a shared haplotype (H09) between southern Central America (Costa Rica) and the central region of South America. This suggests some continued matrilineal connectivity between these areas (necessarily going through northern South America), or the retention of an ancestral polymorphism that predates the implicated phylogeographic subdivision. Since the available sampling for northern South America is still modest (see [Figure 1](#f1-gmb-36-586){ref-type="fig"}), both hypotheses remain viable and should be the focus of additional scrutiny. Moreover, northwestern South America has been reported to harbor high levels of genetic diversity and a complex evolutionary history for several mammalian taxa (*e.g.* [@b12-gmb-36-586]; [@b36-gmb-36-586], [@b37-gmb-36-586], [@b38-gmb-36-586]; [@b46-gmb-36-586]), highlighting the need to further investigate pumas from this portion of their range to assess their role in the overall phylogeographic structure of the species.

The network root based on the outgroup *Puma yagouaroundi* indicates that the most ancestral lineage of current pumas is located primarily in central South America. When we considered *M. trumani* as the outgroup, once again the rooting was placed primarily in South America, reasserting the area of occurrence of the earliest ancestor of the current lineages and helping reveal the direction of evolution of pumas throughout their distribution.

Population structure
--------------------

The AMOVA results revealed extremely high Φ*st* values in many of the assessed scenarios (see [Table 3](#t3-gmb-36-586){ref-type="table"}). The highest Φ*st* value, used to define the scenario that best explains the current partitioning of mtDNA diversity, was found when a 2-level AMOVA was conducted. The first level separated "subcontinents" as major units (NA+NCA, SCA and SA), while the second level identified subdivisions within the "subcontinents". Several analyses, following the steps outlined in the AMOVA strategy 2b (data not shown), demonstrated that other possible groupings were almost as good, indicating that there is no clear-cut definition of the structure in central South America, but demonstrating that this region is a genetic hotspot for this species, with considerable structure but complex historical relationships.

Our next step was to assess the role of major rivers as historical barriers to female gene flow. Our sampling allowed a test of two riverine barriers proposed by [@b7-gmb-36-586], which postulated that the Amazon and Paraná rivers might have induced the differentiation of historical population units. Our results supported an important role for the Amazon River, corroborating the hypothesis previously raised for pumas ([@b7-gmb-36-586]), and showing a pattern consistent with inferences made for other Neotropical felids such as *Leopardus pardalis*, *L. wiedii* and *Panthera onca* ([@b12-gmb-36-586], [@b13-gmb-36-586]). On the other hand, the influence of the Paraná River appears to be much lower than previously hypothesized, although we still observed significant Φ*st* values when we compared populations separated by this watercourse. Although they were significant, the magnitude of the differentiation was considerably lower than that estimated for the Amazon River (see [Table 3](#t3-gmb-36-586){ref-type="table"}), and several AMOVA assessments comparing regional populations on the same side of the Paraná River yielded higher Φ*st* values than those obtained in the comparison between the two sides. These findings suggest that, although this river may play a role in limiting regional maternal gene flow in pumas, it does not induce major differentiation between clear-cut historical units. Such an observation has implications for the definition and delimitation of puma subspecies, two of which (*P. c. cabrerae* and *P. c. capricornensis*) have been suggested to be separated by this river ([@b7-gmb-36-586]).

Demographic history
-------------------

The *t~MRCA~* estimates derived from both data sets were very similar, indicating that the age of the common ancestor for all samples was essentially the same as that for the South American subset. Taken together with the other results (*e.g.* network, diversity indices), this finding supports the inference that most of the extant diversity of the puma mtDNA resides in South America, and that the deepest history of coalescence of its lineages is fully represented in this subcontinent.

The signal of demographic expansion on both subcontinents suggests that this process seems to have occurred simultaneously, after the last glacial maximum. This inference is consistent with the hypothesis raised by [@b7-gmb-36-586], of an extinction of North American pumas in the late Pleistocene, followed by re-colonization from South America. Our results corroborate and extend this hypothesis, showing evidence for a substantial and very recent demographic expansion in South America, which likely preceded or included the re-colonization of North America. Such a pattern was not clearly observed in previous studies and sheds light onto the historical demography of present-day puma lineages. Our findings indicate that pumas were substantially affected by faunal changes induced by the Late Pleistocene extinction of large mammals, likely disappearing from North America, as previously postulated, with subsequent recolonization from the south. What is new in our results is the inference of a substantial demographic expansion in South America ca. 8,000 years ago, possibly induced by release from competitive interactions with other large carnivores that went extinct during the Late Pleistocene event. We see no evidence of a secondary expansion in North America, as the full data set mirrors the results observed with South America alone. We thus conclude that pumas likely re-colonized North America spurred by this Holocene demographic expansion stemming from South America. If corroborated by additional genetic markers and more refined sampling, especially in northern South America, this hypothesis would provide a useful demographic framework for pumas against which local patterns of genetic structure, genomic variation and population connectivity can be assessed.
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![Geographic distribution of the *Puma concolor* samples analyzed here. Blue lines indicate three major rivers. The different colors indicate the seven groups identified with the AMOVA (see text and [Table 3](#t3-gmb-36-586){ref-type="table"} for details): Northern Central America + North America (NCA+NA, in light pink), Southern Central America (SCA, in dark pink), Northern South America (NSA, in dark green), Central-North-Eastern South America (CNESA, in medium green), Eastern South America (ESA, in light green), Central-Southern South America (CSSA, in light blue) and Southwestern South America (SWSA, in purple).](gmb-36-586-g001){#f1-gmb-36-586}

![Median-joining networks based on puma *ND5* haplotypes. The area of each circle is proportional to the haplotype frequency. The relative frequency of populations in each haplotype is indicated by the proportion of different colors (coded as in [Figure 1](#f1-gmb-36-586){ref-type="fig"}). A) Analysis of the full data set (669 bp). The arrow indicates the point where the outgroup *P. yagouaroundi* is connected. B) Analysis of a subset of the nucleotide sites that overlap with the *Miracinonyx trumani* sequence (286 bp). Arrows indicate the points where the outgroup taxa join the network: *P. yagouaroundi* (in gray; 32 mutational steps from the connection point), and *M. trumani* (in black; 19 steps from the connection point).](gmb-36-586-g002){#f2-gmb-36-586}

![Graphs depicting the results of the Mismatch Distribution analysis for the total sample (A) and South American samples alone (B). The analysis was performed with 669 bp of *P. concolor ND5* sequences (excluding all sites with missing information or gaps). The dashed line represents the observed pattern, while the continuous line depicts the pattern expected under a model of sudden demographic expansion.](gmb-36-586-g003){#f3-gmb-36-586}

![Bayesian Skyline plots derived from an alignment of puma *ND5* sequences. In (A) the analysis was run for all puma samples, and in (B) for South American pumas only. The thick solid line represents the mean, while the 95% HPD (highest posterior density) limits are shown by the blue areas. The vertical dashed lines refer to the *t~MRCA~*, with the thin line indicating the lower 95% HPD limit, and the thick line representing the mean. The x-axis is depicted on a scale of millions of years (myr). The y-axis represents the effective population size (N~e~) multiplied by the generation time (also in myr). Assuming a generation time of 5 years, the numbers on this axis should be multiplied by 200,000 to yield interpretable values.](gmb-36-586-g004){#f4-gmb-36-586}

###### 

Variable sites (33) observed among the 28 haplotypes detected in a 669-bp fragment of the mtDNA *ND5* gene in *Puma concolor* samples (n = 174), along with their respective geographic groups of occurrence as defined by the AMOVA.

  Haplotype   Variable sites[^a^](#tfn1-gmb-36-586){ref-type="table-fn"}   N   Geographic groups[^b^](#tfn2-gmb-36-586){ref-type="table-fn"}                                                                                                                                
  ----------- ------------------------------------------------------------ --- --------------------------------------------------------------- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---- -------------------------------
  H01         T                                                            A   C                                                               A   C   C   G   A   T   C   A   G   C   T   C   C   T   T   G   A   T   C   G   T   C   G   C   C   C   C   C   C   C   15   CNESA (15)
  H02         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   34   CNESA (34)
  H03         .                                                            .   .                                                               .   .   .   A   G   .   .   .   A   .   .   .   .   .   C   .   .   .   .   .   C   .   .   .   .   T   .   .   .   T   7    CNESA (1), ESA (6)
  H04         .                                                            .   .                                                               .   .   .   .   .   .   T   .   .   .   .   .   .   .   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   1    CNESA (1)
  H05         .                                                            .   T                                                               .   .   .   .   .   .   .   .   .   .   C   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   2    CSSA (2)
  H06         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   C   .   .   .   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   4    CNESA (3), CSSA (1)
  H07         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   C   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   9    CNESA (4), CSSA (3), SWSA (2)
  H08         .                                                            .   .                                                               .   .   T   .   .   .   .   .   .   .   C   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   1    CSSA (1)
  H09         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   17   SCA (3), CNESA (8), CSSA (6)
  H10         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   .   .   .   T   .   .   .   .   .   .   .   .   .   .   T   12   CNESA (12)
  H11         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   C   .   .   .   C   .   .   .   .   .   .   .   .   .   .   .   A   .   .   T   1    CNESA (1)
  H12         .                                                            .   .                                                               .   .   .   .   .   C   .   .   .   .   .   .   .   .   C   .   G   .   T   .   .   .   .   .   .   .   .   .   .   T   2    CSSA (2)
  H13         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   2    CNESA (2)
  H14                                                                      .   .                                                               .   T   .   .   .   .   .   .   .   T   .   T   .   .   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   2    CNESA (2)
  H15         .                                                            .   .                                                               .   T   .   .   .   .   .   .   .   .   .   T   .   .   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   8    CNESA (8)
  H16         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   .   G   .   T   .   .   .   .   .   .   .   .   .   .   T   6    NSA (5), CNESA (1)
  H17         .                                                            .   .                                                               .   T   .   .   .   .   .   .   .   .   .   T   .   C   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   1    CNESA (1)
  H18         C                                                            .   .                                                               .   .   .   .   .   .   .   G   .   .   .   .   .   .   C   .   .   .   .   .   .   .   .   .   .   .   .   .   .   T   11   SWSA (11)
  H19         .                                                            .   .                                                               G   .   .   .   .   .   .   .   .   .   .   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   7    SWSA (7)
  H20         .                                                            .   .                                                               .   .   .   A   .   .   .   .   .   .   .   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   1    NSA (1)
  H21         C                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   C   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   .   T   3    CNESA (3)
  H22         .                                                            .   .                                                               .   .   .   .   .   .   .   .   .   .   C   .   .   .   C   .   G   .   .   .   .   .   .   .   .   .   .   .   T   T   1    CNESA (1)
  H23         .                                                            G   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   A   .   .   .   .   .   .   .   T   T   .   .   .   .   T   18   NCA+NA (17), SCA (1)
  H24         .                                                            .   .                                                               .   .   .   .   G   .   .   .   .   .   .   .   .   .   C   .   .   .   .   A   .   .   A   .   .   T   .   .   .   T   3    NCA+NA (1), SCA (2)
  H25         .                                                            G   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   A   .   .   .   .   .   T   .   T   T   .   .   .   .   T   1    NCA+NA (1)
  H26         .                                                            G   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   A   .   C   .   .   .   .   .   T   T   .   .   .   .   T   3    NCA+NA (3)
  H27         .                                                            G   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   T   .   C   A   .   .   .   .   .   .   .   T   T   .   .   .   .   T   1    NCA+NA (1)
  H28         .                                                            G   .                                                               .   .   .   .   .   .   .   .   .   .   .   .   .   .   C   A   .   .   .   .   .   .   .   T   T   .   .   T   .   T   1    NCA+NA (1)

Asterisks indicate phylogenetically informative sites.

Geographic group codes are as follows: NCA+NA: Northern Central America + North America; SCA: Southern Central America; NSA: Northern South America; CNESA: Central-North-Eastern South America; ESA: Eastern South America; CSSA: Central-Southern South America; SWSA: Southwestern South America (see [Figure 1](#f1-gmb-36-586){ref-type="fig"} and [Supplementary Table S2](#SD2){ref-type="supplementary-material"} for details on the distribution of each group).

###### 

Nucleotide and gene diversity levels observed in *Puma concolor ND5* sequences. Geographic groups were defined on the basis of the AMOVA results (see text and [Tables 1](#t1-gmb-36-586){ref-type="table"} and [3](#t3-gmb-36-586){ref-type="table"}).

  Sub-Continent                                                   N[^b^](#tfn4-gmb-36-586){ref-type="table-fn"}   Nucleotide Diversity (±SE) per site   Gene diversity (±SE)   Haplotypes
  --------------------------------------------------------------- ----------------------------------------------- ------------------------------------- ---------------------- --------------------------------------------------
  North America                                                   13                                              0.00217 (0.00158)                     0.295 (0.156)          H23-H25
  Central America                                                 17                                              0.00523 (0.00114)                     0.794 (0.075)          H09, H23, H24, H26--H28
  South America                                                   156                                             0.00428 (0.00027)                     0.904 (0 011)          H01--H22
  Total                                                           186                                             0.00547 (0.00029)                     0.920 (0.008)          
                                                                                                                                                                               
  Geographic region[^a^](#tfn3-gmb-36-586){ref-type="table-fn"}                                                                                                                
                                                                                                                                                                               
  NA+NCA                                                          24                                              0.00179 (0.00094)                     0.496 (0.119)          H23--H28
  SCA                                                             6                                               0.00608 (0.00155)                     0.733 (0.155)          H09, H23, H24
  NSA                                                             6                                               0.00104 (0.00067)                     0.333 (0.215)          H16, H20
  CNESA                                                           97                                              0.00315 (0.00027)                     0.828 (0.027)          H01--H04, H06, H07, H09--H11, H13--H17, H21, H22
  ESA                                                             6                                               0.00000 (0.00000)                     0.000 (0.000)          H03
  CSSA                                                            15                                              0.00246 (0.00047)                     0.810 (0.078)          H05--H09, H12
  SWSA                                                            20                                              0.00334 (0.00032)                     0.595 (0.073)          H07, H18, H19
  Total                                                           174                                             0.00553 (0.00030)                     0.919 (0.010)          

Geographic acronyms are as in [Table 1](#t1-gmb-36-586){ref-type="table"}.

N = number of individuals sampled for each continent/region. All samples (n = 186) were used for the sub-continental analysis, while 12 individuals lacking detailed geographic information were excluded from the regional analysis, resulting in a sample of 174 animals.

###### 

Best Φ*st* values for different population structure scenarios in *Puma concolor*, as assessed with an AMOVA approach.

  Group                                                                                                            Φ*st*
  ---------------------------------------------------------------------------------------------------------------- ------------------------------------------------------
  1\. South America only (144 individuals)                                                                         
  a\) 4 SA subspecies proposed by [@b7-gmb-36-586]                                                                 0.22001[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  b\) Grouped biomes from SA[^a^](#tfn6-gmb-36-586){ref-type="table-fn"}                                           0.25871[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  c\) Five groups from SA (NSA, CNESA, ESA, CSSA and CWSA)[^b^](#tfn7-gmb-36-586){ref-type="table-fn"}             0.35993[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  2\. Total sample (174 individuals)                                                                               
  a\) 6 subspecies proposed by [@b7-gmb-36-586]                                                                    0.42353[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  b\) 7 groups \[(NA+NCA), SCA, NSA, CNESA, ESA, CSSA and CWSA\][^b^](#tfn7-gmb-36-586){ref-type="table-fn"}       0.57314[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  c\) NA+NCA x SCA x SA subcontinents[^c^](#tfn8-gmb-36-586){ref-type="table-fn"}                                  0.55740[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  d\) 2-level \[(NA+NCA) x SCA x (NSA + CNESA + ESA + CSSA + CWSA)\][^d^](#tfn9-gmb-36-586){ref-type="table-fn"}   0.67290[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  3\. Barriers                                                                                                     
  Amazon River acting as a barrier[^e^](#tfn10-gmb-36-586){ref-type="table-fn"}                                    0.34739[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}
  Paraná River acting as a barrier[^e^](#tfn10-gmb-36-586){ref-type="table-fn"}                                    0.09041[^\*^](#tfn5-gmb-36-586){ref-type="table-fn"}

Significant Φ*st* (p \< 0.01).

3 groups: 1^st^-northern Amazon Rainforest (Tropical Moist Broadleaf Forests), Tropical Dry Broadleaf Forests and Tropical Grasslands, Savannas and Shrublands in Venezuela; 2^nd^-southern Amazon Rainforest and Atlantic Forests (Tropical and Subtropical Moist Broadleaf Forests), Pantanal (Flooded Grasslands and Shrublands), Caatinga (Xeric Shrublands), Cerrado, Pampas, Gran Chaco and Beni Savanna (Tropical and Subtropical Grasslands, Savannas and Shrublands), Patagonian Pampas (Temperate Grasslands, Savannas and Shrublands) and Tropical Dry Broadleaf Forests in Bolivia; 3^rd^-Andean biomes: Temperate Broadleaf and Mixed Forests, Montane Grasslands and Shrublands, Desert and Xeric Shrublands and Mediterranean Forests, Woodlands and Scrubs ([@b31-gmb-36-586]; IBGE 2010).

Acronyms for geographic groups are as defined in [Table 1](#t1-gmb-36-586){ref-type="table"} and [Figure 1](#f1-gmb-36-586){ref-type="fig"}.

Central America was divided into two separate groups, northern (NCA) and southern (SCA).

1^st^ level: 3 groups: NA+NCA (2 populations), SCA (1 population), SA (5 populations); 2^nd^ level: 7 populations (\[NA + NCA\] x \[SCA\] x \[NSA + CNESA + ESA + CSSA + CWSA\]);

Considering only samples collected near the river (see text for details).

###### 

Neutrality tests for *Puma concolor ND5* sequences, considering both the 'Total' and 'South American' (SA) sample sets.

                    Total                                                 SA
  ----------------- ----------------------------------------------------- -----------------------------------------------------
  Tajima's D        −1.16291                                              −0.98375
  Fu and Li's D\*   −0.82174                                              −0.39340
  Fu and Li's F\*   −1.15989                                              −0.75225
  Fu's Fs           −9.322[^a^](#tfn11-gmb-36-586){ref-type="table-fn"}   −7.283[^a^](#tfn11-gmb-36-586){ref-type="table-fn"}

Significant values (p \< 0.02).
